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INVESTIGATION CfF ELOW CONDITIONS AND TEE NATURE CEP 
THE WAIi-CONSTRICTION EEFECT NEAR AND AT CHOKING 
BT MEANS OF TEE HYDEAIEiIO ANALOGT 
By Clarence W. Mat-blievs and Ray H, Nrlght 


SUMMARY 


The closed wind— tunnel phenojnenon of choldLng and the wall- 
constriction effects in the subsonic Mach number range where supersonic 
Mach numbers appear was investigated by means of the hydraulic analogy. 
For this Investigation, Mach number fields were obtained about several 
symmetrical airfoils at zero lift in a water channel. In the course 
of the analysis, consideration was given to several factors affecting 
the applicability of the results to wind-tunnel operation. With the 
approach of choking, the flow was found to approach the one— dimensional 
form. Boundary— layer thinning in the region of the model appreciably 
increased the choking Mach numbers, but critical speed, position of 
ina.Ylmum thickness, and ratio of maximum thickness to chord had little 
effect. The constriction effect of the walls was of the same nature 
in the flows Investigated as in completely subsonic flow. Approximate 
correction for the coiDatriction effect appeared possible with Mach 
numbers up to the first attainment of choking. Possibilities of 
correction were discussed. 


INTRODUCTION 


Although a number of investigations have shown that serious wall- 
constriction effects occur when models are tested in closed wind tunnels 
at Mach numbers less than, but near, unity (references 1 and 2), 
additional information is needed concerning the mechanism of this 
phenomenon, the progression of its severity with increasing Mach number, 
and the extent to which simple corrections can be applied. Because the 
theory available is not valid for stream Mach numbers greater than the 
critical (that is, greater than the stream Mach number for which a speed 
eq.ua! to the speed of sound is first attained in the field (reference 3)) 
and experimental measurements of the flow fields in a wind tunnel are 
tedious, the influence of the vails on the flow about a model as 
demonstrated by the flow fields has not previously been extensively 
studied and analyzed. The purpose of this Investigation ds to study 
several compressible— flow fields observed by means of the hydraulic 
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analogy in order to obtain qualitative Information concerning choking and 
the nature of the vail interference in the Mach number range near choking, 
that le, near the maximum etream Mach number attainable with a model 
in place. 

The hydraulic analogy was used because of its convenience and 
economy and because field surveys can be made without Interference by 
the testing equipment. Since its basic theory is valid (reference 4 ) 
and previous experimental wbrjc with the analogy (reference 5) has shown 
effects of compressibility on a circular cylinder comparable with those 
obtained in two— dlmenslonaL wind tunnels, it was thought that the 
qualitative nature of wind— tuimel— wall Interference for stream Mach numbers 
below and near unity could be reliably studied. This Mach number range 
will referred to as the transonic range. 

The desired information was obtained by surveying the flow fields 
about models having various shapes which would show the effects of chord 
length, critical speedy and position of maxiTTnm thictoess on the 
development-of the timnel— choking condition. A more detailed investi- 
gation of-^all— Interference effects was made on one model in two channels 
of different width. 

In several respects, such as a very low Reynolds number, a very 
thick boundary layer, an effective value of 2.0 for the ratio of 
specific heats, eind the effects of vertical accelerations (see reference 5)^ 
the test conditions In the water channel depart from those usually 
encountered iruwlnd— tunnel testing. Because of these effects, special 
care must therefore be exercised in the Interpretation of the results. 


SIMB0I5 
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depth of water 

depth of water at any point in the field; that is, 
local depth 

depth of water at zero velocity; that is, total depth 

depth of water at great distance ahead of-i:he airfoil; 
that is, stream depth 

depth of, water at position of Mach num ber unity 
chord of airfoil 


acceleration of gravity 
Mach number 


2(ho - b) 
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8a* or &b* 

5h* 
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local Mach n\3mber 
stream Mach nmober 
critical Mach rumiber 
choking stream Mach number 

Eeynolds number of model, based on chord length 
Telocity at any point In the field 
indicated stream velocity 

mass rate of flcrw In channel, cubic Inches per second 
width of channel 

coordinate along tunnel or channel axis 

coordinate perpendicular to tunnel or channel axis 

wall boundary— layer-displacement thicknesses In two- 
dimensional. wind tunnel 

floor boundary— layer-displacement thickness 

side-w an, boundary— layer-dlsplacement thickness 

viscosity of water 

density 

strength of source used to represent the wake 
ratio of specific heats 
stream-tube area 

change In streant-tube area due to changes In bound ary— layer 
thickness 

breadth of wind tunnel 
height of wind tunnel 

APEAEAIIIS AND METHODS 


The tests were conducted. In the 20-inch-wlde vertical— return water 
channel of the Langley 8-foot high-speed tunnel. (See reference 5*) A 
sketch of the channel is shown In figure 1. The motor-driven propeller 
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forces the vater into a divergent section, then throijgh an SO-smesh 
antlturhulent screen Into a large quieting section. The vater Is then 
partially accelerated hy flowing through a section having converging ^ 

walls aind a horizontal floor. It Is accelerated to test— section velocity 
hy flowing over an elliptical floor section Just ahead of the test 
section ff Ig. 2) . 

The test-section floor (fig. 2), which Is a modification to the 
original channel, was used to compensate for gradients caused hy the 
thickening of the floor houndary layer, and had the additional effect 
of thinning the houndary layer In the test section and of reducing the 
secondary flow In the comers. The new floor was raised 1 Inch from 
the original floor. It was curved to compensate for the houndaiy layer 
so that all gradients were removed for all stream Mach numbers up to 1.0. 

The tunnel speed was automatically controlled to within 0.1 of 
1 percent. The airfoil surface pressures were measured with a slant— 
tube manometer which could he read to 1.5 percent of free— stream dynamic 
pressure at the choking condition. The field water depths were measured 
with a platinum wire probe mounted on a two-way cross— rail survey system 
which permitted placing the probe over any point in the field. The probe 
was connected to a dial gage such that direct readings of the water depth 
were obtained. A sensitive electronic relay Indicated the exact instant 
of contact between the probe and water surface. The accuracy of the * 

field measurements was about 0.1 of a percent. 

The models, which were tested at zero lift, were 2i<— Inch— *- 

chord HACA 0012 and NA.CA 16-012 airfoils, a 2 . 88— Inch-dlameter circular 
cylinder, a 2.88-lnch-wlde flat plate, a inc h— chord, 2.88-inch-wlde 

airfoil having parallel sides and clrctilar ends (fig. 3)j and a 
5— Inch— chord, 10— percent— thick, biconvex, circular-arc airfoil. The 
NACA 0012 and BACA 16-012 airfoils were tested In the reversed position, 
that Is, with the flow from tall to nose, as well eis in the conventional 
position. A special channel 7*5 inches wide for use with the circular- 
arc airfoil was constructed In the center of the regular channel by 
placing two strips of sheet aluminum 7*5 inches apart In the channel. 

These strips extended from the leading edge of the elliptical section of 
the floor through the test section. 

Tlie floor boundary layer emd wake surveys were made with a total- 
head tube of 0.06l— inch outside diameter placed in the stream. It was 
mounted on the survey probe and hence cotild be placed at Einy point In 
the stream. Another probe was mounted directly over the tube for 
reading the local pressure at that point. 

The methods of measurement and conversion of measured to desired ^ 

quantities were essentially the same as those used in reference 5» 

The field surveys were taken in the following manner: The airfoil ,, 

model was set on the chaiuiel center line at zero angle of attack. The 
static vater level was adjusted to 1.000-lnch depth In the test section. 



HACA EM ITo. L8P17 


5 


The propeller-drive motor was started and its speed set for the desired 
stream Mach numher. Wate3>-depth readings vere taken over one-4ialf the 
field at a sufficient numher of points to determine the depth dlstrlhutlon 
about the airfoil. The total depth was measured at a point over the 
settling chamber. The test condition was held constant by checlcing the 
total depth and the depth at the center of the test^ectlon entrance 
and then maling any minor adjustments necessary to keep these values 
within 0.1 of a percent of their original values. The usual adjustments 
were changing the motor speed and addition of water, the first to correct 
for the collection of dirt on the antiturbulent screen, the second to 
correct for evaporation and leakage. 

The stream Mach number was determined by averaging the local Mach 
numbers across the upstream end of the test section, For large— chord 
airfoils, the region immediately ahead of the model was neglected in 
the averaging process, l^om an analysis of the measurements obtained, 
it is believed that the Mach numbers obtained are within 1 percent of 
the correct indicated stream Mach numbers . 


ER^EIlTATI0]J OB’ BESUmS 


Choking tests .— Althoiogh the measurement of the stream Mach number 
is within 1 percent, the stream Mach numbers of the choking fields 
which are to be presented show several apparent Inconsistencies- These 
inconsistencies may be due to variations in floor boundary— layer 
conditions or in the separation phenomena about the bodies tested. 

Choking .— Mach number fields for several model chord— to-channel 
'Width ratios are presented in figure h at choked Mach numbers obtained 
at maximuDi power input (later called full choking) to show the approach 
to one— dimensional flow at the choking condition. The Mach number 
fields about the 2.88— Incl^thlck models in the 20— inch channel are 
presented in figures 5 to 11. . The flow conditions vary from subcritlcal 
to choking and show the progressive development of compressibility effects 
on large models. Since the surveys were taken at zero angle of attack, 
the fields are symmetrical about the center line, and only one— half 
the survey in each plot is therefore necessary- The field lines 
represent constant Mach numbers . The solid lines are Mach numbers less 
than 1.0, the dotted lines are Mach numbers of 1.0 and greater. In 
these figures, after the choking Mach number has once been reached, 
that is, after the M = 1.0 line has reached the channel wall, the 
succeeding field configurations are obtained by progressively increasing 
the drive motor speed so that the total head is increased and the depth 
downstream of the airfoil decreased- 

Wall— interference tests .— The results of the wall— interference tests 
are presented in figures 12 to 15- The figures show field surveys and 
surface Mach number distributions aboxrt the 5^inch-choi*d, 10— percent- 
thick, biconvex, circulaj>-arc airfoil at zero lift in a 7.5— inclMrlde 
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cliaimel and In a 2Ct-lnch-wide channel. The same airfoil was used In 
tvo channels of different width rather than different size airfoils In 
the same channel iso that Heynolds number and the effect of size on 
vertical acceleration would he about the same leaving only wall 
Interference to cauee changes in the flow patterns . The surface Mach 
numbers were determined by taking the pressvires from orifices located 
in the walls of the model. Since it was necessary to compare fields 
at“definlte-stream Mach numbers, the data were cross plotted and faired 
so that the field surveys and surface distributions could be plotted 
for einy desired stream Mach number. 

The field surveys presented in figure 13 show the effects of 
different width channels on the flow field about a model by comparing 
the fields in the 7*5— inch and the 20-inch channels at the same stream 
Mach nxjmber. The field surveys presented in figure l^l- show the results 
of making a simple correction for wall effects by comparing fields which 
have the same maTimiTm loceil Mach number on the model. The surface Mach 
number distributions which coirespond to the field surveys of figures 13 
and l4 are plotted in figure 15. The compared ; surveys (figs. 13 and 14) 
are plotted in the reflected position; half of each field is shown. The 
upper half of the figure shows the airfoil in the 7*5— inch channel; the 
lower half shows the airfoil in tlie 20— inch channel with oiily 4 inches 
of the field showing. 

Theoretical Mach number fields .— Several theoretical Mach number 
fields of a circula3>-arc airfoil in an infinite field (labeled free field) 
and in a 7*5-inoh channel were computed for camparlson with the 
eaperimental fields of figures 13 and l4. These theoretical fields are 
presented in figures l6 and 17* A free or infinitely extended theoretical 
field is substituted for the experimental field in the 20— inch channel. 

The theoreticeil fields are presented with and without the wake in order 
to show the effects of-wake distortion. 

The free potential.— flow field was calculated for a streeim Mach 
number of-0.750 by use of the small perturbation compressibility theory 
in the manner employed in reference 6 in con^Junotlon with the theory 
for the Inconpressible potential flow oyer a cirou.lar mound as given 
in reference J. (See figs. l6(a) and 16(c).) The effects of solid 
blockage were computed by applying this same method of taking account 
of the effect of compressibility to the incompressible interference field 
obtained by the method of reference 8. The methods of reference 3 were 
used in computing the effects of the wake .except that a source, with 
strength linearly distributed along the chord between the center and 
trailing edge, was used in order to minimize the effects of local Induced 
velocities which wo\ild restilt from the concentrated sotucce of reference 3* 
The total source strength m was made eq.ual to the wake volume 
displacement found from a survey behind the airfoil with a total— head tube. 
The gradients d\ie to wake blockage were computed by first assuming that~ 
the reflected source Images would act as concentrated sources. The effects 
of the images were computed by considering all the source Images as 
Incompressible and calculating their total velocity increments by the 
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metlLod glTen In reference 8. The velocity increuients due to the first 
two sets of incampressihle Images were suhtracted from the total velocity 
increments, tlius giving the increments dxie to the remaining outer images. 
These were then corrected for coulees Ihlllty hy multiplication with 

the factor (l — Mg^) ^ and added to the comperes sihle increments due 
to the first two source images computed directly from formula (A-ll) 
of reference 3* 

The interference velocity Increment at the airfoil due to the 
wall.— constriction effect on the wahe was calculated from the for mu la 

M. = 1 

■^s 1 - 


(See reference 3-) The fields were then comhined and the final velocity 
ratios converted into Mach number the formula 



with 7 = 2. The resulteint field with solid bloctage but without the 
wake is presented for a Mach number of 0.750 In figures l6(b) and l6(d), 
wri<^ is compared with the free field at the indicated stream Mach number 
(fig. 16(a)) and at the effective stream Mach number (fig. 16(c)). In 
figure 17» the effect of the waJee has been included. The two channel 
fields are compared with the free fields at Mg eq.ual to 0.750 and with 
the free fields at stream Mach numbers corresponding to eg.ual maTimimi 
Mach numbers on the airfoil. The theoretical results for the ccaipresslble 
flow in the channel are to be considered an extrapolation as well as an 
approximation, because the process by which they were obtained is no 
longer strictly valid when Mach numbers greater than unity occur in the 
field, but past e 2 p>erlence indicates that the error should not be great 
so long as Mach number 1.0 is only slightly exceeded. 

Several comparable incompressible fields were also computed using 
directly the formula from reference 7 anA the WEill corrections from 
reference 8. These are presented in figures 18 and 19, and are used in 
conjunction with figures l6 and 17 to study the effect of compreesiblUty 
on the wall interference. 

Boundary— layer surveys .— Surveys of the floor boundary layer in the 
fields of the 2i(— inch-chord HACA 1^-012 airfoil and of the 2.88— inch- 
wide flat plate normal to the flow were obtained ly use of a total— head 
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pcrobe ia much the same manner usually employed for "boundary— layer surveys 
In air. With regard to the floor "boundary layer, the flow may, of course, 
be considered inccmpressible. The displacement thicknesses referred tc 
the upstream end of the test section are presented In. figure 20. The 
negative values are explained by the fact that the test— section floor 
drops 0.06 inch in 2h inches (fig. 2). These boundary— layer surveys 
correspond to full choking conditions in the channel with the chennel 
drive motor operated at the highest speed; the con^arable Mach number 
fields are shown in figures 6(j) and 11 (l), respectively. The boundaiy— 
layei^Milsplacement thicknesses of-the empty channel for several choking 
conditions are presented in. figure 21. These curves show the effects of 
increasing the power beyond that~requlred barely to choke the channel. 


APELICABILITT OF THE EESUIZrS TO FLCW IN AIE 


Severeil factors affecting the operation of the water channel and 
the application of results obtained in the hydraulic analogy to air are 
discussed in reference 5* One of these factors is the ratio of specific 
heats 7 which in the analogy has a value of 2.0 as oonqpared with 1.4 
for air. This divergence of vel-uos is shown in reference 5 to have 
small effect in most cases of subsonic flow. If supersonic regions 
exist, however, the effectvmay no loi^ger be negligible and may in fact- 
be considerable. 

With supercritical flows the hydraulic analogy also suffers from 
the fact that the energy dissipated in the shock waves (hydraTillc Jumps 
in the analogy) does not rer-enter into the determination of the flow 
quantities as is the case for a gas. 

The effects of-the vertical accelerations (see reference 5) "we^^s 
minimized in the present tests by using relatively shallow water (l in.), 
by employing large models in. the case of the choking testa, and, for the 
wall— interference tests, by using a thin, sharp-nose model. Furthermore, 
any effect-of size on vertical accelerations was largely eliminated from 
the comparisons involved in the wall— interference studies by using the 
same modal for all wall— interference tests . 

Another factor affecting the applicability of test res\alts is the . 
Eeynolds number E. If the Beynolds number is assumed to be the same as 
if the test airfoils were submerged in an iixflnlte water flow with the 
velocity of the flow in the water channel. 



where p is the density of the water and p. is its viscosity. Under 
the conditions of operation of the water channel with a 5-inch-chord model 
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and a speed near Mach number 1.0 of about l8 Inches per second, this 
Reynolds ntmiber is very small, about 80,000. ilils valtte corresponds 
approximately to that which would be obtained in air near Mach number 1.0 
on a model of 0.1— inch chord. On the same scale the wind tunnel would 
be 0.4 inch high and approximately 0.04 inch wide. Although the low 
Reynolds number is a serious limitation, the influence of compressibility 
is believed to be even more important than that of viscosity in the 
transonic Mach number range. This fact is shown in figure 22 where, 
once the critical Mach number has been exceeded, the separation point 
is seen to move in the same manner in the wind-tunnel tests as in the 
water channel, though because of the much larger wall interference in 
the water channel and possibly for other reasons, including the differences 
in Reynolds number and values of ratio of specific heats, the separation 
points are not the same at any given indicated stream Mach number. The 
essential characteristic of both the air and water flows for this 
comparison at lew angles of attack is that the large wake which occurs 
at Mach numbers slightly beyond critical is reduced as the shock moves 
toward the trailing edge with increasing Mach number . This behavior 
has been visually observed in both the air and water flows. The two 
flows, though characterized by vastly different Reynolds numbers, are 
therefore in a general manner comparable in the region near and at 
choking, particularly eus regards the phenomena of choking and other wall- 
constriction effects here investigated. 

With low fluid velocities, relatively thick boundary layers may be 
expected on the channel walls and floor. Experimental measurements have 
shown that the boundary— layer-displacement thickness is approximately 
0.05 inch. This thickness is relatively insignificant on the side walls 
as it is a small portion of the channel width; however, it becomes 
extremely ImpoDrbant on the floor as it is such an appreciable portion 
of the water depth that it will affect the inass flow, and hence the 
local Mach number other quantities. The question therefore arises 
as to what effect this boundary layer hae on the determination of the 
flow quantities in the water channel and on the analogr between the 
water and geis flows. 

Inasmuch as the velocity outside the boundary layer is a function 
only of the difference between total head and the height of the free 
surface, it is correctly detemlned without consideration of the floor 
boundary layer. The equation used in calculating the wave velocity, 
which is also necessary in obtaining the Mach number, assumes constant 
flow conditions between the water surface and the floor. Since the 
flow velocity in the floor boundary layer 1s different from that at 
the surface, it will affect the wave velocity and hence will req.uire 
that the depth used to calculate the wave velocity be corrected because 
of the boundary layer. Experiments were made to determine the 
corrections needed. Although Inconclusive, the tests suggested that 
the depth used to calculate the wave velocity should be equal to the 
water depth minus the displacement thickness. Since no appreciable 
aixial velocity gradients existed in the channel, it was assumed that the 
displacement— thickness surface would be at the same lieight as the floor 
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at tlie teBt—sectioii entrance; hence, the floor at the entrance to the 
test section was used as the reference for the depths measured In the 
channel. # 

The effects on Yeloclty of changes in h oundary-lay er thlctoouess will 
now he shown to he the same In the water flew as in the corresponding gas 
flow. Consider a gas flowing in a rectangular wind tunnel of wlath a 
and height h. Let the coi*responding boiindary--laye3>-displacement 
thicknesses he these valiies receive the 

increments d6^* and d&t>*, respect Ively. 

The equation of continuity for one--dimenfllonal flow is 


Q = pT(b - 2&b*)(a - 2&a*) 


which, when differentiated, hecames 




2d6„* 


(11 


p V" _ 2&b* a - 26a* 

From a consideration of compresslhle— flow relations, it~may he shown that 


P V 


which, when substituted in equation (l), yields 


(1 - m2) ^ = 2 


d(5i,*) 

b - 28b* 


^ d(5a*) ' 

a - 26a* 
- . 


( 2 ) 


Equation (2) represents the relation between changes in boundary— layer 
thickness and changes in wind-tunnel velocity. 


A similar equation may be developed for the water c h a im el. Assiun© 
a channel of width w with water depth h. Let the boundary— layer- 
displacement thicknesses be 5^^* and respectively - 

The equation of contlniilty for one— dimensional wate 2 >-channel flow 
is 


Q = pV(w - 26w*)(h - 8b,*) 


r 
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which, when differentiated, heconies (p is constant) 

cLY ^ cLh 

w - 26v* h - &h* h - 811 .* 


(3) 


From reference 5 


= 2g(ho - h) 


which, upon differentiation, heconies 


T dV = -e cLh 


( 1 ^) 




Diwide both sides hy g(h — 5jj*) or 

dV ^ _ dh 

g(h - 6 ii,*)V h - 6 ]i* 

In references 4 and 5 , it is shown that 



(5) 


However, the experimental evidence in this report shows that h should he 
corrected for the floor boundary layer cxr 


m2 


7 ^ 

g(h - 5i*) 


Substituting equation (6) In equation ( 5 ) gives 


( 6 ) 


m 2 ^ = - dh 
7 h - 8ij* 

If equation ( 7 ) is substituted in equation ( 3 ), the result la 

fit (1 _ 

7 w - 28^* h - 8 ij* 


(7) 


( 8 ) 
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If the suhstltutlons 


V = kb 



Sh* = 3s:6a* 


6^* = k&b* 


are made- In equation (8), It can be shown to be identical to equation (2). 
Any change in boxmdary— layer-displacement thickness therefore affects the 
flow in the water channel in the same way as the same change affects the 
flow in a wind tunnel with hei^t equal to the width of the channel and 
with breadth equal to twice the water depth. 

The effects of -value of 7, vertical acceleration, differences in 
model Eeynolds manber and boundary— layer changes show that direct results 
obtained from the water channel have only qualitative application -to air 
flows. Any conclusions dra"wn from -water— channel results must be carefully 
considered in the light of the various factors affecting the flow; 
quantita-tive interpretations are possible only insofar as the differences 
in flow conditions can be taken into account. 


ANALISIB AND DISCISSION 
Subsonic Choking Phenomena 


According to 'one-dimensional theory, the marijnm rate of- mass flow 
with constant total head through a stream tube of given cross section 
occurs when the velocity is equal to the speed of soundj and the maT i mu m 
mass— flow rate in a wind tunnel, for which the flow must be essen-tlally 
one dimensional, is therefore determined by the condition -bha-t~eonic 
velocity exists at the throat or mlnlnnnn cross section of the tunnel. 

When a model is placed in the test section, which usually corresponds 
to the throat, the minimum cross section through which the flow must pass 
and, therefore, ad-so the maxl-rtnnn possible massr-flow rate ahd the corresponding 
indicated stream Mach number are reduced. With this maximum ra-be of mass 
flow, the tunnel is said to be "choked” and the corresponding indicated 
B-tream Mach number is called -the "choking Mach number." 

If one-dimensional theory be emplcyed to" estimate choking Mach 
numbers, the estimated vadues will, in most cases, be found to agree 
reasonably well with the experimental values (references 1, 2, sind 9)j 



MAC A EM No. LSFIT 


13 


howerer, "beoause the flow la not strictly- one dlmenelonal, the choking 
Mach numher wotald, if other factors were negllglhlaj he less than the 
value predicted from one— dimensional theory. This fact can he understood 
from a consideration of the normal components of the velocities at points 
along a line drawn from the thickest portion of the model perpendicular 
to the wall. With two-dimensional flow, the velocities at most points 
along this line must he different frcan sonic velocity, and the mass flow 
must he less than if the flew were one dimensional and the velocities at 
the line therefore sonic. A conslderahle departure from one— dlmenslonEil 
flow is required, however, to cause an appreciable change in choking Mach 
numher, because near a Mach number of 1.0 the rate of mass flow is 
relatively insensitive to smal 1 changes in Mach numher, as may easily he 
seen from simple one-dimensional compresaihle— flow theory. 

The one— dimensional nature of the experimental choking fields is 
shown in figures 5 io 11. As the stream Mach numher is Increased and 
appsToaches the choking veilue, the flow actiially does approach the one- 
dimensional form, at least in the region between the thickest portion 
of the airfoil and the wall. Lines of constant Mach numher, which at 
lower Mach numbers curve and return to the model, tend at higher Mach 
numbers to run straight from the thickest part of the modal to the wall. 

The objection might here ho made that the HACA 0012, and HACA 16-012 air- 
foils tested were so long relative to the channel width that even incom- 
pressible flow would he approximately one dimensional. The phenomena 
that occur as choking is approached would, however, not have been essentially 
different if smaller airfoils had been employed. A preliminary Mach number 
field survey about a 12-inct^-chord KACA 0012 airfoil in a 2ii— inch channel 
with the power considerably increased over that necessary for choking 
showed exactly the same characteristics (see fig. if-) except that the 
two-dimensional characteristics in the region near the airfoil were 
somewhat more pronounced. The same tendency of the flow to approach the 
one— dimensional form as choking is approached is seen also in the case of 
the 5— inch-chord, biconvex, clrctilai'-aro airfoil In the 7*5-lnch channel, 
figure 4. 

The effect of the change from one— dimensional to two-dimensional 
character of the flew in reducing the choking Mach nimiber is seen from 
a comparison of the choking Mach numbers of the circular cylinder (fig. 9) 
and of the para.l lei— side airfoil (fig. 10) with those of the airfoils 
with the same thickness (figs. 5 to 8) . The choking Mach number is 
reduced from 0.64 or 0.65 the airfoils to 0.6l or 0.62 for the 
circular cylinder and parallel— side airfoil with circular ends. A 
conslderahle part of this distortion of the one— dimensional— type choking 
field is believed to he due to the thinning of the floor boundary layer 
in the region near the wall. The inflTience of the boundary— layer thinning 
is relatively much greater near the wall than near the model, where the 
model itself largely controls the flow. In the subsonic region, the 
thinnirg of the boundary layer tends to decreeuse the Mach number. At the 
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wall, therefore, the lines of constant Mach numher. Including the Mach 
number unity line, are slanted and shifted downstream. In a wind tunnel 
with a relatively large total rate of mass flow in comparison with that- in 
the boundary layer the flow wovild be even more nearly one dimensional 
than appears from the hydraulic analogy. The flat plate (fig. 11) shows 
an even greater reduction in choking Mach number than was found for the 
circular cylinder, but in this case the obtained choking Mach numbers 
are not consistent, an effect that is perhaps due to the influence of- 
the wake. 

Except for this small indication in the case of the flat plate, no 
evidence of wake choking (see reference 3 ) was found in any of the tests. 

In all other cases, choking was determined by the thickness of the airfoil 
and occurred between the airfoil and the wall. Even in the case of the 
flat plate, the line of Mach number uniiy approached very near to the 
edge of the plate. The occurrence of wake choking in any practical airfoil 
tests appears very unlikely, though the wake may contribute to choking 
due to solid constriction downstream fhom the airfoil. 

Another factor that might be esi>ected to. eaert an. important Influence 
on choking is the crlticsd Mach number. A comparison of the Mach numbers 
at first attainment of— choking and criticeO. Mach numbers for the 2 . 88 — inch- 
thick airfoils andL circular cylinder listed in the following table shows 
no such effect. 


Mch “cr 

KACA 0012 airfoil 0.646 0^637 

NACA 0012 airfoil, reversed O. 63 I O .623 

HACA 16-012 airfoil 0.642 O. 6 OO 

NACA 16-012 airfoil, reversed 0.637 O. 63 O 

Parallel-^ ide airfoil with clrciolar ends O .608 O .525 

Circular cylinder O .618 0.^20 


The critical Mach numbers here tabulated are the values obtained from 
measurements in the water channel and, because of the low Reynolds number 
and of the blockage effects of the walls, need not agree with those 
obtained in wind tunnels. The choking Mhch numbers for the HACA 0012 
and HACA l6-012 airfoils are about the same, and although those for the 
parallel— side airfoil and for the circular cylinder are somewhat reduced 
over those for the NACA 0012 and HACA 16-012 airfoils, the differences 
are much less than the differences of the cr it leal Mach numbers. These 
differences have already been explained as due to the two-dimensional 
characteristics, which of course cannot be separated from the critical 
Mach numbers. 

The reason for this consistency of choking Mach number may be seen 
frean. a comparison of figures 5 showing the Mach number fields for 

the NACA 0012 airfoil of 2.88— inch thickness and for the 2 . 88— inchr-diameter 
circular cylinder, respectively. In figure 9(b) atra stream Mach numher 
of 0.547 the line of Mach number unity has already appeared, but In most 
of the surroundiiag region between the cylinder .and the wall a moderate 
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Mach, nuBiber of O .65 car O. 7 O preralls. With increase in stream Mach number 
the sonic line is extended, but because of the moderate Mach number in 
the surrounding region a considerable increase in mass— flow rate and, 
therefore, in stream Mach nuniber can occur before the line of Mach number 
unity reaches the wall and choking occurs. With the high-critioal-speed 
airfoil, on the other hand, a Mach number of 1.0 does not appear in the 
field until a stream Mach number of 0.637 las been reached, and the Mach 
number in the surromdlng field between the airfoil and the wall la 
already O. 9 O or 0,95» Only a small increase in mass— flew rate and of 
stream Mach number is therefore possible before the sonic line reaches 
the wall and choking oocinrs. If the flow were truly one dimensional in 
both oases, the choking Mach number would be the same for the circular 
cylinder as for the airfoil. 

Two other airfoil characteristics, position of maTimum thickness and 
chord length, were also found to have little effect on the choking Mach 
number. The effect of position of maximum thickness is seen from 
oomparlBon of figures 5 through 8; the effect of chord length, from 
comparison of figures 9 and 10. 

The Mach number fields obtained in the present investigation provide 
a basis for discussion of the choking phenomena theoretioally derived in 
reference 9, lu which choking Is found to occur when the supersonic 
region near the model has spread so far that a further rise in speed 
through it causes such a reduction in mass flow through the supersonic 
region as to neutralize the Increased mass flow in the regions nearer 
the walls . Development of this idea leewis to the conclusion that, after 
choking hfiis once been reached, the application of additional power with 
establishment of the sonic line entirely across the channel causes a 
reduction in mass flow and therefore also of stream Mach number. If 
any such effect had occurred in any of the present tests, the maTlniinn 
stream Mach number Mg might have been expected to correspond to some 
Mach number field in ■vrtilch the supersonic region covered only part of 
the space between the airfoil entl the wall. Examination of figures 5 
through 11 and I 3 shows that in no case, with the exception of the flat 
plate, which is not a proper shape on which to base conclusions regarding 
the flow about a solid, does the stream Mach number fail to Increase 
monotonically until the supersonic flow has been established entirely 
across the channel. The argument of reference 9 cannot for that reason 
be considered disproved, however, because other factors, notably the 
floor boundary layer, strongly affect the flow. Nevertheless, brief 
consideration will show that the effect, if it exists at all, will be 
much less pronounced than indicated in reference 9- 

First, the fields calculated in reference 9 S3?e free fields and 
do not Include the effects of the tunnel-wall Interference. The inclusion 
of the wall interference would result in a more uniform field between the 
model and the wall and thus leave less room for variations in the mass— flow 
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rat© per unlt~area at different" positions batveen the vail and the model. 

In other words ^ the theory neglectd the tendency of the flow to approach 
the one— dimensional form as cholclng is approached. Second, the theory of 
reference 9 apparently assumes that the sonic region develops symmetrically, 
whereas actually, as may he seen from these tests (figs. 5 throi:igh 13 
and 23 ), it develops mainly downstream and, in the narrowest section 
between the airfoil and the wall, the Mach numbers near the airfoil remain 
so near to tmlty that the mass— flow rate per unit area is nowhere much 
different from the maximum. From these two considerations the conclusion 
of the preceding paragraph easily follows. Much more Important effects 
are dtie to the floor boundary layer. 


The boimdaiy— layer thinning previously Illustrated in figure 20 
seriously affects the choking Mach number. One-dimensional theory predicts 
a choking Mach number of 0.602 for a 2.88-inch-wide model in a 20— inch 
channel, but the esperlmenteil data for the airfoils, figures 5 through 8 , 
show a maximum indicated stream Mach number of about O. 65 O for the choking 
condition. This value is possible if the boundary layers thin between 
the point~at which the stream Mach number is determined and the point of 
minimum tunnel area. The effect of boimdary- layer thinning on choking 
Mach numbers, both for the water channel and for wind tunnels is shown 
in figure 2k. These curves were calculated by assuming one-dimensional 
flow in the channel with elementEil changes in the boundary— layer thickness 
between the point of stream Mach number det ermJ nat ion and the polnt~Df 
rn. 1 n 1 .immi tunnel section. Th^ are presented in terms of percentage change 
of tunnel area S for the wind tunnels and percentage change of total 
water depth h^ for the water channels. If-the change in displacement 
thickness in the water channel had been' expressed in terms of the 


water depth h^^ 


(■^) 


ah the position of Mach number unity instead 


of— on hQ, the two sets of curves would have appeared veiy much alilse 


except for a slight" difference due to the difference in ratio of specific 
heats 7 . The curves sliow that slight changes in the boundary— layer 
thickness considerably change the choking Mach numbers, especially for 
small models . 


A q.uantitative application of figure 24(b) may be made by using the 
floor boundary— layer increments observed in figure 20(a) . The average 
floor boundary layer at the point of stream Mach number determination was 
0.03 inch, that across the throat is —0.01 inch, a change of — 0.04 inch. 

This value divided by the total head, which was 1.2 inches, gives a 
Chang© of —3*3 percentT When this correction is made, the choking Mach 
number of the 2 . 88— Inch— thick airfoils in the 20— Inchr-wlde channel 
becomes 0.657 which in consideration .of- the- probable two-dimensional 
effects is considered in good agreement with the esperlmentel value of O. 65 O 


Another related effect of-the boundary— layer thinning is progressive 
choking, that is, a further increase (with increasing pressure difference 
between sections upstream and downstream from the test section) in the 
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Indicated stream Mach, mmiber after the line of sonic "velooity has reached 
the wall. Such an effect would he possihle if, as the pressure (or water 
depth) downstream, is reducedj the houndary layer were "swept out" and 
thinned under the sonic line, since the mass flow and thereby also the 
indicated stream Mach number would hy this thinning he increased. The 
usToal simplified houndaiy— layer theory -does not, however, indicate the 
possibility of any such behavior, because in this theory the boundary 
layer at any given section is assxaned not to depend on any downstream 
conditions. In order to investigate this effect, boundary— layer measure- 
ments were made in the empty channel with varying power to the drive 
motor. The results are shown in figure 21, where "barely choking" 
indicates an amount of power Jtist sufficient to bring the sonic line to 
the wall, “medium, choking" indicates somewhat greater power, and "full 
choking" indicates the marlmum power condition. The "subsonic" condition 
corresponds to a stream Mach number of about 0.95* Hi these tests the 
total head in the tank upstream from the test section was maintained 
constant, so that increaslzig power corresponds to decreasing water depth 
in the downstream region. 

A progressive thinning of the boundary layer occurs as the power is 
iiKsreased. (See fig. 21(b).) This "sweeping out” of the boundary layer 
increases the slope of the effective floor boundary— layer surface (fig. 21 (a)) 
and causes an Increeuae in the supersonic Mach numbers downstream firom. the 
throat (fig. 21(c)). A comparison of figures 21(b) and 21(c) shows that 
the boundary layer at the sonic line becomes thinner with Increasing 
power so that the mass flow in the channel must be increased. A cause 
for the progressive choking has thus been determined, 

A possible eaplanatipn can be given of the process by which the 
boundary layer is swept out. Suppose that the "barely choking" condition 
exists. Let the water depth at a given section be reduced by some men, ns 
as by a movement of the normal shock downstream. This reduction in depth 
cannot be transmitted upstream. because the velocity of propagation of 
the surface wave is less than the velocity of the upstream flow. The 
velocity of transmission of pressure (as at the channel floor) within 
the fluid is sufficiently great, however, as to be practically 
instantaneous , and a pressure gradient therefore exists in the boundary 
layer under a region of depth reduction. The subsonic boundary layer 
in the next upstream section can thus be accelerated and thinned. This 
thinning in turn could reduce the water depth and by this process the 
effect cotild be progressively transmitted upstream. 

The tests with the large airfoils, figures 5 throu^ 8 , show only 
a pgtw.l 1 effect of progressive choking. In the case of the 10— percent— thick, 
5 — inch-chord, biconvex, circxilar'-arc airfoil in the 7 ♦ 5 “inch-wlde channel 
(figs. 13 (i) and 13 (k)), however, the boundary— layer displacement is 
comparable to the solid displacement of tli© model and the choking Mach 
number increases from 0.795 to O. 83 O as the downstream depth is decreased. 
With this same model in the 20— inclt-wide ohannel (fig. 12) as the depth 
is decreased downstream the boundary— laye:i>-dlsplaoement thinning exceeds 
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the model displacement; the effective throat of the channel is moved 
upstream, and the model is left in a supersonic stream. 

Because of the relatively large part of the total mass flow Involved 
in the houndary layer, the "boundary— layer effects here discussed are much 
more severe in the water channel than would "be the case in normal wind— 
tunaael operation. 


Effects of the Walls 

The influence of the walls on the flow about an airfoil may "be seen 
from figure I3, which gives a comparison at the same indicated stream 
Mach num'hers Mg of the Mach number fields about the 10— percent^thick, 

5— inch-chord) biconvex, circular-arc airfoil at zero lift— in 7-5-inoh 
and 20-incl>-wide channels. The immediately noticeable effect of moving 
the walls closer to the airfoil. is the increase in the Mach numbers in 
the immediate vicinity of the airfoil; and this effect is the same over 
the entire stream Mach number range from subcritical to choking. This 
behavior refutes the argument sometimes advanced that, because a 
reduction in stream-tube cross section corresponds to a reduction in 
velocity with supersonic flow as contrasted to; an. increase in velocity 
with subsonic flow, the effect of the constriction of the flow by the 
channel walls would be quite different in transonic flow from its effect 
in entirely subsonic flow. 

The true situation may be clearly understood from consideration of 
figure 13. The supersonic region near an airfoil is produced by the 
surrounding subsonic pressure field; but the subsonic paiirnsf the flow 
field comes into contact with the channel walls and is strongly 
Influenced by them. The supersonic region, on the other hand, is 
influenced by the walla only through their effect on the subsonic flow; 
and this effect is to increase the pressure differences, which, in turn, 
cause the intensification and growth of the supersonic regions. In this 
manner, the wall oonstf lotion has the effect of increasing the Mach number 
values in the field about an airfoil, with transonic flow Just" as with 
entirely subsonic flow. 

The Mach number fields of figures 13(c) and 13(d) may be ccmpared 
with the theoretical fields at a slightly different stream Mach number 
in figures 17(a) and 17 (b). Although the esperlmental fields are 
distorted with respect to the theoretical fields, the qualitative 
effe.cts of the wall coiastrictlon are the same. The distortion in the 
experlmenteil fields Can be explained as largely due to the changes in 
thickness of the floor boundary layer in regions of accelerating and 
decelerating flow, which can be shown to shift the lines of constant 
Mach number toward the regions of- higher velocity, partlctilarly in the 
region near the wall where the effect of the model is least compared to 
that of the boundary layer. The tendency of the. boundary layer trr 
thicken toward the rear of the model produces an asymmetry of the flow 
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field of the same natiure as that produced hy the vake. Also the floor 
boundary— layer thinning in the vicinity of the airfoil tends to relieve 
to some extent the constriction of the walls* This effect explains the 
fact that at some distance from the airfoil the Mach numbers in the 
theoretical field slightly exceed those in the experimental field, 
although the stream Mach numbers are somewhat less. In the 20— inch channel 
the effect of the boundary— layer thinning is evidently greater than that 
of the wall constriction, so that the flow behaves somewhat as if the 
model were in a free Jet. 

The effect of the wake is seen from a comparison of the theoretical 
fields in figures l 6 and 17* The Mach numbers in the downstream portion 
of the field are increased and the fields thereby rendered asymmetrical * 

Comparison of the theoretical compressible fields of figures l6 
and 17 with the Incompressible fields of figures 18 and 19 shows that 
the tunnel— constriction effects in the coirpresslble flow are of the 
same nature as those which occiar in the incompressible flow. 

Another comparison with theory was obtained from several unpublished 
theoretical Mach number fields computed by Dr. Howard W. Emmons of 
Harvard University under the sponsorship of the National Advisory 
Committee for Aeronautics. The fields were those about a 5— loch- 
chord NACA 0012 airfoil in an l 8 — InolMrlde air channel and in a fi*ee 
air stream. The computation for compressible flow at an assigned stream 
Mach number of 0.750 and with zero lift was effected by means of the 
relaxation process. No wake was assumed, but otherwise the nature of 
the wall Interference was the same as that observed in figure 13- 

The question now arises whether, as for subcritlcal flow, the effect 
of the channel walls in supercritical flow can be represented as .that of 
an Increment in the free— stream Mach number, provided the model is 
reasonably small relative to the channel width. In order to obtain a 
qualitative answer to this question, Mach number fields about the 
5 -“inc]>-ohord, 10 — percent— thick, c ir oular^-ar c airfoil in the 
and 20 — inch-wide channels are shown in figure l4 for indicated stream 
Mach numbers corresponding to the same Tnaxlmum Mach numbers in the two 
fields. If the 20— inch channel is considered to give essentially free— 
stream results, the Mach number increment representing the effect of 
the walls is the difference between the indicated stream Mach number in 
the 20 — inch channel and that in the 7 . 5 —lnch channel. 

Vflth this method of comparison, the Mach number fields in the 
vicinity of the airfoil do Indeed appear very much the same, though a 
certain amount of distortion exists. At high stream Mach numbers, the 
field Mach numbers near the leading and trailing edges of the airfoil 
in the 7 . 5 — inch channel fall off relative to those in the 20— inch channel, 
an effect which appears necessary because of the smaller stream Mach 
numbers in the 7*5— io-oh channel. Figure Ik shows that the lines of 
constant Mach number greater tlian the stream Mach number which loop back 
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to tlJB a±rfoll extend, farther Into 'the field, in the 20— inch channel then 
in the 7-5— Inch c2iannel. This effect is opposite to tliat shovm in the 
theoretical fields (figs. l6(c) and. l6(d), 17 (c) and 17 (d), l8(c) and l8(d), 
and 19 (a) and 19 (b)), and is believed to be an error caused by the 
boundary— layer behavior. For any tvo fields con^tared, the Jlach numbers 
in the vicinity of the model are not much different. Since the stream 
Mach number is less in the ’J.^lnch channel than in the 20-lnch channel, 
the boundary— layer growth between a stream Mach number point and any 
point with given greater field Mach number must be less for the 7*5— Inch 
than for the 20— inch channel. Moreover, the effect of the boundary— layer 
changes on the subsonic Mach numbers is relatively greater near the wall 
than near the model, where the modeh shape is most important. The lesser 
growth in the case of the 7 • 5— inch channel, therefore, tends to counteract 
the constriction effect and causes the high subsonic regions to extend 
a lesser distance out from the airfoil than they do in the 20— inch channel. 
These same boundary— layer effects also produce the result" that the choking 
Mach number in the 7-5— inch channel corresponds, to a stream Mach number 
greater than unity In the 20— inch channel (figs. l4(m) and lii-(n)), which 
resxilt is contrary to a conclusion contained In refOTence 10. Act ually , 
theoretical considerations without boundary layer Indicate that with 
this method of cong^arison the distortion due to the walls enlarges both 
the high-velocity regions near the canter of the airfoil and the low- 
velocity regions near the ends and. that the choking Mach ntmber must 
correspond to a free-stream Mach number less than unity. Once choking 
has been attained, eJ-though the flow patterns with additional power, 
that is, a greater pressure drop across the test section (figs. l4(o) 
to l4(r)), can be roughly matched to those in the 20-lnch channel, 
correction to free-stream Mach number appears impossible because fxirther 
changes in indicated stream Mach number depend almost entirely on 
boundary— layer changes and cannot be definitely related to the Mach 
number distribution in .the supersonic part of the flow. Up fo the 
choking Mach number, the distortion at the siorfaca of the airfoil is, 
surprisingly, less than in any other part of the field. 

The surface Mach number distributions, shown in figure 15, agree 
very well for suboritical stream Mach numbers if compared on the basis 
of the same maximum Mach numbers. Almost the entire effect of the walls 
is represented simply by shifting the indicated stream Mach numbers . At~ 
Mach numbers greater than the crltloeil, a considerable distortion appears 
in the sense of a rotation of the Mach number diagram for the 7*5”inch 
channel. Siich a rotation is caused by the Mach number gradient due to 
wake blockage. Ey use of the measured wake displacements in conjunction 
with formula (2l) of reference 3, corrections for the Mach number gradient 
were therefore applied. Comparisons of the surface Mach muabers for 
indicated stream Mach numbers of 0.J12 and 0.74-7 are shown in figure 25 . 
Although the agreement is considerably improved, particularly over the 
rear of the model, the correction is Insufficient to bring the Mach niunber 
distributions into coincidence. The remaining discrepancy is perhaps 
due tD“the behavior of the floor bomadary layer by which in the 20— inch 
channel on account of the greater value of stream ^ch number the boundary— 
layer thickness near the surface of the airfoil is greater than in the 
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7 . 5-inch, channel at the can^iarahle Mach numher. Another factor tending 
to distoart the flov is the distortion of the interference relocities 
which, as shown in reference 11 for subsonic flow, fall off relatively 
ever more rapidly toward the leading and trailing edges of the airfoil 
as the Mach numher is increased, a compress ihility effect similar to 
increasing the size of tlie model relative to the channel. (See, for 
Instance, reference 12. ) 

The 'agreement of the matched curves suggests that it may he possible 
up to a Mach numher near choking to correct for the constriction of the 
channel walls with a simple shift of tiie stream Mach number, though such 
correction may not he practical. (Compare reference 10.) If the 
effective free— stream Mach numbers corresponding to the indicated stream 
Mach numbers Mg in the 7*5— inch channel are taken to he equal to the 
indicated stream Mach numbers in the 20— inch channel for the comparable 
Mach number fields of figure l4, the effective stream Mach numbers can 
he obtained as a function of the indicated stream Mach numbers . In 
figure 26 , the effective fl*ee-etream Mach numbers so obtained are 
compared with a curve derived ftrom the theoiy of reference 3* With Mach 
numbers greater than the critical, this curve is to be considered an 
extrapolation, inasmuch as the theory 1 s strictly applicable only to 
entirely subsonic flow. Above the critical Mach number, the ezperlmental 
values are seen to depart ever more strongly from the theoretical curve, 
thus indicating a more powerful tunnel-wall Interference, as the Mach 
number is increased. This effect, which has also been observed in 
wind tunnels (see, for instance, references 10 and 13 ), is not surprising 
in consideration of the fact that the subsonic region upon which the 
wall interference is primarily effective becomes increasingly narrow 
as the supersonic region approaches the walls. The subsonic theory 
should more accurately express the cooerection if the model were made 
smaller so that the effective Mach number would depart less from the 
Indicated stream Mach number. Since the model chord to tunnel height, 
ratio used in these experiments is much larger than that used in current 
high-speed- tunnel tests, it may be expected that the extrapolation of 
the subsonic theory will generally be more accurate than is indicated 
by these tests. A transonic theory of the tvmnel-wall— constriction 
effect, which would take account of the presence of the supersonic 
regions, is needed; but, in any case, the crowding of the effective 
stream Mach nuoibers in the range near choking is such that accurate 
correction very near choking appears impractical. Both for this reason 
and because of the difficulty , in correcting for distortion along the 
chord of the model, which is accentxiated by the increasing departure 
from potential flow as the Ifech number is increased beyond the critical, 
adequate corrections can be applied only if the model dimensions relative 
to the tunnel dimensions are continuously decreased as the indicated 
stream Mach number is increased beyond the critical value. What is 
needed if models of reasonable size are to be tested at Mach numbers 
approaching unity is some method by which the tvinnel-^wall— constriction 
effect and therewith, also, the choking phenomena are automatically 
eliminated. 
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Investigation by moans of the hydraiillo analogy of transonic— flov 
fields about varloiis airfoils In water channels of 7 . 5 — inch and 20-inch 
width, with due consideration for the varioioe factors affecting the 
results led to the following conclusions: 

1. As chohlng was approached, the flow tended to approach the one- 
dimensional form. This tendency, in conjunction with the fact that near 
a local Mach number of unity the cheunge in mass-flow rate approaches 
zero, explained the success of the one— dimensional theory in predicting 
choking Mach numbers. 

2. Only in the extreme case-of-the flat plate normeil to the flow 
was any evidence found of wake choking, and in that case the effeot waus 
confined to the region near the edges of the plate. 

3 . The thinning of the floor boundary layer between the airfoil 
and wall was sufficient to account for the excess of the experimental 
choking Mach number values over those predicted by the one— dimensional 
theory. It also caused considerable progressive choking when the 
boundary— layer oisplaoement was comparable to the solid displacement of 
the model. 

k. The channelr-wall— constriction effect was of the same nature in 
subsonic streams with supersonic regions as in entirely subsonic flow, 
and this fact explained the. ability of the subsonic theory of tunnel-wall 
interference to yield approximately correct results when extrapolated a 
little way into the transonic range. 

5* Approximate correction for the constriction effects of the walls 
on symmetrical flows appeared possible with, stream toch numbers up to 
the first attainment of choking, and this correction coiild be largely 
effected simply by adding a Mach number Increment to the indicated 
stream Mach number. 

6. Because of the increasing distortion of the flow and because of 
the fact that the correctiona became very large as choking was approached 
accurate corrections in the supercritical range could be applied only if 
the size of the model relative to the tunnel size were greatly reduced 
with Increasing Mach number. For the application of such corrections, 
a theory of tunnel-wall Interference in the supercritical range is needed 
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7. If models of moderate size are to "be tested near a Macli number 
of imlty, some method is needed by which the constriction itself and 
therewith, also, the choking phenomena can be eliminated. 


Langley Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Ya. 
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Figure 1.- Schematic view of water chaimel with sections. 
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(c) 10 -percent -thick, 5-inch-chord, biconvex, circiilar-arc airfoil in a 

7. 5 -inch channel. 

Figure 4.- Choking Mach number fields at various ratios of chord length to 
channel width showing approximately one -dimensional flow. 
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Figiire 5.- Concluded. 
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Figure 6.- Concluded. 
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Figrire 7.- Mach, number fields about a 24 -inch -chord NACA 0012 reversed 

airfoil in a 20-inch channel. 
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Figure 7.- Concluded. 
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Figure 8.- Mach number fields about a 24-inch -chord NACA 16-012 reversed 

airfoil in a 20-inch channel. 
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figure 8.- Concluded. 
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Figure 9.- Mach number fields about a 2.88 -inch-diameter cylinder in a 

20-inch channel. 
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figure 9.- Concluded. 
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Figure 10.- Mach number fields about a 12 -percent-thick, 24 -inch -chord, 
parallel -side airfoil with circular ends in a 20-inch channel. 
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Figure 11.- MSCh number fields about a 2.88-inch -wide flat plate in a 

20-inch channel. 
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Figure 11.- Concluded. 
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Figure 12.- Mach number fields about a 10-percent-thlck, 5-inch -chord, 
blconvex,'circular-arc airfoil in a 20-inch channel. 
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Figure 12.- Concluded. 
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Figure 13,- Compaxisoii of flow fields about a 10-percent-thick, 5-inch-ch.ord 
biconvex, circiolar-arc airfoil in a 7. 5-inch and a 20-inch channel with the 
same indicated Mach number. 
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Figure 14.- Concluded. 


Charms/ M’dfrt 
(fn.) 

20.0 
















Local Mach number 




HACA EM Eo. L 8 FI 7 
1.4 

t.3 

1 . 2 . 

/./ 

LO 

.9 

.6 

.7 

.6 

O 20 


Percent chord 



Percent chord 



Percent chord 


Channel rr/dth 
(in.) 

7,5 

20.0 

20.0 


Figure 15.^' Concluded. 
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Figure 16.- Theoretical compressible -flow fields about a 10-percent-thlck, 
5-lnch-chord, biconvex, circular-arc airfoil showing effects of solid 
constriction. 
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Figure 17.“ Theoretical compressible-flDW fields aboiit a 10-percent-thick, 
5 -inch-chord, biconvex, circular -arc airfoil showing effects of solid and 
wake constriction. 
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Figure 18.- Theoretical incompressible-flow fields about a 10-percent-thick, 
5-inch-chord, biconvex, circular-arc airfoil showing effects of solid 
constriction. 
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Figure 19.- Theoretical incompressible -flow fields about a 10-percent-thick, 
5-inch-chord, biconvex, circulax-arc airfoil showing effects of solid and 
wake constriction. 
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(b) 2.88 -inch -wide flat plate normal to stream. 

Fig\ire 20, - Height In inches of displacement floor boundary -layer surface 
referred to the leading edge of the test section, channel choking. 
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Figure 21.- Boundary -layer displacement thickness changes for various tunnel- 

empty choking conditions. 
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Figxire 22.- Comparison of separation point positions on NACA 0012 airfoils in 
wind tunnels and in tiie water channel. 
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Figure 23.- Location of point of sonic velociiy on surface of airfoils tested in die water channel. 
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Figure 26.- Effects of walce -blockade corrections on tbe Mach number distribution about a 10-percent-tbick 
5-luch-chord, biconvex, circular-arc airfoil in a 7.5-lncb fViaTinAi ^ 
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Figure 26.- Comparison of the theoretical and experimental effective free -stream 
Mach numbers of the flow past a 10-percent-thick, 5-inch-chord, biconvex, 
circular-arc airfoil in a 7.5-inch channel. 
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